A previously identified Shigella flexneri serotype 2a strain was responsible for an outbreak of shigellosis in a Taiwan township in August 1996. In order to find the relationship between this outbreak strain and subsequent Shigella infections in the area, 59, 47, 35, and 20 Shigella isolates recovered in 1997, 1998, 1999, and 2000, respectively, were collected and typed by serological and pulsed-field gel electrophoresis (PFGE) techniques. Of these 161 isolates, 139 isolates were S. flexneri serotype 2a, and one-third of them (47 isolates) exhibited the outbreak pattern. The remaining 92 S. flexneri serotype 2a isolates displayed 49 different NotI-PFGE patterns. Forty-five patterns were closely related to the outbreak pattern, with deletions of three specific NotI fragments occurring with high frequency. While the outbreak strain remained the main cause of shigellosis after the outbreak, the continuous emergence of closely related though poorly transmissible strains from the outbreak strain contributed to the observed annual decrease of shigellosis in the area.
Shigellosis is an acute gastroenteritis caused by Shigella species, including Shigella dysenteriae, Shigella flexneri, Shigella boydii, and Shigella sonnei. It is one of the major causes of diarrheal diseases worldwide. In Taiwan, about 250 to 500 cases of shigellosis were reported annually from 1995 to 2000, with an average annual incidence rate of 1 to 3 cases per 100,000 persons (4) . Infections are usually caused by S. flexneri and S. sonnei, with the former mostly found in mountainous central Taiwan and the latter found in western industrial Taiwan. Infections caused by S. dysenteriae and S. boydii are rare in Taiwan and are observed only in imported cases.
An outbreak of shigellosis occurred in the Renai Township in central Taiwan in August 1996. The outbreak lasted 3 months, and 10 villages from the township were affected. During the outbreak, 37 Shigella isolates were collected from Renai and neighboring townships, and all were shown to be S. flexneri serotype 2a. By genotyping with NotI-and XbaI-pulsed-field gel electrophoresis (PFGE), we further demonstrated that this serotype was endemic in the area and that a single strain with a distinct PFGE pattern and a person-to-person mode of transmission was responsible for the outbreak (2) .
After the outbreak, however, the number of shigellosis cases still occurring in the Renai Township was considered high. The purpose of this study is to understand whether the high incidence had any relation to the outbreak in 1996 and, in particular, to the outbreak strain. We collected 161 Shigella isolates that had been recovered from Renai and neighboring townships from 1997 to 2000 and typed them by serological and PFGE methods. Since NotI-PFGE could differentiate almost all the strains that were previously differentiated by using NotIand XbaI-PFGE with the exception of isolate SH4799 (2), we chose to use only NotI-PFGE for this study. While the results indicate that the outbreak strain continued to be the main strain causing shigellosis during the 4-year period, the percentage of outbreak strain isolates among S. flexneri serotype 2a isolates recovered in the year decreased annually. Many closely related strains emerged during this period but were shown to not transmit as well as the outbreak strain.
MATERIALS AND METHODS
Bacterial isolates. During 1997 through to 2000, stool specimens from patients with either diarrhea or dysentery (bloody diarrhea) in Nantou County were collected and screened for Shigella species by conventional biochemical methods (17) in two local hospitals (Puli Christian Hospital and Puli Veteran Hospital) and our laboratories. Shigella species recovered were serotyped by a slide agglutination test with commercial polyclonal antiserum (Denka Seiken Co. Ltd., Tokyo, Japan). The isolates were cultured in Luria broth and were stored in 15% glycerol at Ϫ70°C. Shigella isolates recovered from Renai and neighboring townships ( Fig. 1) were used in the present study. Some of the isolates recovered in 1996 were used as reference strains. Characteristics of S. flexneri serotype 2a isolates from 1996 to 2000 are described in Table 1 , whereas those of non-S. flexneri serotype 2a isolates will be provided upon request. These non-S. flexneri serotype 2a isolates were S. sonnei (SH7150, SH7156, SH8255, SH8289, SH8542, SH9397, SH10657, SH11620, SH14974), S. boydii (SH7571); S. flexneri serotypes 1a (SH18504), 1b (SH19453, SH19455, SH19700), 3a (SH20928, SH20904, SH20907), 3b (SH5619, SH5621), y (SH7396); and nontypeable S. flexneri (SH16934, SH19406).
Epidemiological data. Epidemiological data from the patients were obtained from standardized case report forms filled in by the county public health authorities. The reports included basic patient information, such as date of onset, sex, age, residency, symptoms, medical treatment, and travel history.
PFGE of bacterial isolates. Genomic DNA of Shigella species recovered from 1997 to 2000 were digested with NotI and were analyzed by PFGE, as in our previous study with the 1996 isolates (2). Yeast chromosomal DNA (New England BioLabs, Inc., Beverly, Mass.) was used as a size standard. DNA bands on the gel were visualized by ethidium bromide staining and UV and were photographed.
PFGE pattern analysis. PFGE patterns were analyzed by visual inspection of the photographs of the strained gels. An index isolate was included in each photograph for comparison of isolates in separate photographs. In our previous study we identified a single strain with a distinct NotI-PFGE pattern as the cause of the 1996 outbreak (2). Since isolates with the outbreak pattern were still the most prevalent among isolates recovered from 1997 to 2000, the classification described by Tenover et al. (21) was also used for interpretation of isolates recovered from 1996 to 2000 and their PFGE patterns. Difference in one to three bands is considered to represent a single genetic event, and difference in four to six bands is considered to represent two genetic events. Isolates with the same NotI-PFGE pattern as the 1996 outbreak strain (2) were designated the outbreak strain and were the most prevalent in the present study. The PFGE pattern is reported as type A. Isolates with PFGE patterns different from the outbreak pattern in one to three bands or four to six bands are considered probably or possibly related to the outbreak strain. Their patterns are defined as subtypes of type A and are designated type A1, A2, etc. Isolates with PFGE patterns different from the outbreak pattern in more than six bands are considered unrelated to the outbreak strain, and their patterns are designated type B, C, etc.
Estimation of similarity among isolates and construction of a dendrogram. Genetic similarities between pairs of patterns were calculated by Nei and Li's F statistic (18) . A matrix of F values for all pairs of patterns was prepared and was used for construction of a dendrogram by the NTSYS-PC software (Numerical Taxonomy and Multivariate Analysis System, version 1.50) from Applied Biostatistics, Inc. (Setauket, N.Y.).
RESULTS
Shigella species recovered in Nantou County from 1995 to 2000. Bacteria of Shigella species were recovered from patients in Nantou County from 1997 to 2000 for confirmation of shigellosis, and the numbers of Shigella species recovered monthly are listed in Table 2 . The numbers for 1995 and 1996 (2) are also listed and analyzed together. From 1995 to 2000, 8, 41, 60, 57, 35, and 20 Shigella isolates were recovered yearly. Of the total of 221 isolates, 210 isolates (95%) were from Renai and its neighboring townships (Hsini, Yuchr, Puli, and Guoshing townships; see Fig. 1 ), 1 isolate was from Nantou city, and 10 isolates were from the Jushan Township. Of the total, 185 isolates (84%) were S. flexneri serotype 2a, and the remaining 36 isolates (16%) were S. sonnei (20 isolates), S. boydii (1 isolate), S. flexneri serotypes 1a (1 isolate), 1b (3 isolates), 3a (4 isolates), 3b (2 isolates), and y (3 isolates), and nontypeable S. flexneri (2 isolates).
All of the 185 S. flexneri serotype 2a isolates recovered were from Renai and neighboring townships. Of them, 5, 41, 49, 44, 33, and 13 isolates were recovered yearly from 1995 to 2000. Two outbreaks of S. flexneri serotype 2a occurred in Renai Township during the 6-year period with sporadic cases before, between, and after the two outbreaks. The first outbreak occurred from August to October 1996, and the second occurred in October 1999. Thirty-four and 12 S. flexneri serotype 2a isolates were recovered in the two outbreaks, respectively. There were more sporadic cases between and after the two outbreaks than before ( Fig.  2A . By using 0 or 1 to represent the absence or presence of the individual NotI bands, respectively, the 50 NotI-PFGE patterns were coded in binary format and are shown in Table 3 . For comparison, seven additional nonoutbreak NotI-PFGE patterns identified previously with the 1996 S. flexneri serotype 2a isolates were also binary coded and are shown in Table 3 . By using this process, a total of 57 patterns and 39 NotI fragments were identified from the isolates recovered from 1996 to 2000. The classification described by Tenover et al. (21) Isolates of the 51 subtypes (A1 to A51) and the other 5 types (B to F) accounted for the remaining 59% (106 out of 180) of the S. flexneri serotype 2a isolates recovered from 1996 to 2000. Compared with the number of type A isolates, the numbers of isolates recovered for each subtype and the other types are low. Only one isolate was recovered for 40 of the 51 subtypes and all of the other 5 types during the 5-year period, while 2 to 15 isolates were recovered for the other 11 subtypes (Fig. 2B) . Only isolates of 8 subtypes were recovered in more than one year. This includes isolates of subtype A4 that were recovered in each year of the 5 years studied, isolates of subtypes A3 and A23 in 3 years, and isolates of subtypes A11, A12, A21, A30, and A42 in 2 years (Fig. 2B) . The yearly distributions of isolates of type A and the 51 subtypes in villages of the Renai Township and in four neighboring townships are depicted in Fig. 1 . This figure shows that 10 villages in Renai Township and Puli Township had isolates of type A and its subtypes recov- a Twelve epidemiological groups are boxed. The superscripts b, e, j, l, m, n, q, r, z, a1, and c1 indicate family members; c, g, and i, indicate close relatives and friends; d and d1 indicate classmates; f, h, k, b1, e1, f1, and g1 indicate neighbors; o, p, t, v, and x indicate same persons; s, u, w and y indicate contacts.
ered from 1996 to 2000. Locations that had the most isolates of type A recovered, such as Chingying, Tsunyang, and Chinai villages and the Puli Township, also had the most isolates of the subtypes recovered.
Relationship among members of the same epidemiological groups. Many isolates of type A and the subtypes were recovered from family members, neighbors, classmates, or contacts within a couple of days. They are considered epidemiologically related. We arbitrarily defined those isolates that were epidemiologically related and were recovered within 1 to 3 days as the same epidemiological group. This yielded 12 groups from the 180 S. flexneri serotype 2a isolates recovered from 1996 to 2000, which are boxed and described in Table 1 . For four groups (SH2371, SH2372, and SH2374; SH3006 and SH2955; SH11430 and SH11443; SH17656 and SH17669), isolates of the same group demonstrated the same PFGE pattern. For two groups (SH9154 and SH9155; SH17279 and SH17289), isolates of the same group demonstrated PFGE patterns different in five bands, indicating two genetic events between the isolates (21) . For the remaining six groups (SH2308, SH2557, and SH2590; SH8923, SH8924, and SH8957; SH9658, SH9672, and SH9677; SH11119 and SH11143; SH11662 and SH11646; SH19698, SH19699, and SH19723), however, isolates of the same group demonstrated PFGE patterns only different in one or two bands, indicating a single genetic event between them (21).
Classification of the 51 subtypes by presence or absence of three NotI bands. Detailed examination of the PFGE patterns of the 51 subtypes and type A indicates that three specific bands in the type A pattern were deleted at high frequency (Table 3) . These are bands 19, 31, and 32. Based on the presence or absence of these three bands, the 51 subtypes can be divided into six classes (classes I to VI; Table 3 ). Subtypes that have bands 19 and 32 but not band 31 belong to class I. Subtypes that have bands 19 and 31 but not band 32 belong to class II. Subtypes that have bands 31 and 32 but not band 19 belong to class III. Subtypes that have only one of the three bands belong to class IV. Subtypes that do not have any of the three bands belong to class V. Subtypes that have all of the three bands belong to class VI. By using this classification, 15, 7, 7, 8, 6 , and 8 subtypes belong to classes I, II, III, IV, V, and VI, respectively. Fifty-three percent (10 out of 19) of subtypes involving a deletion in band 19 also had an addition of band 20. For classes I, II, and III, subtypes of the same class were mostly placed in the same genetic cluster with similarity of 0.90 or greater (Fig. 2B) .
PFGE of other Shigella isolates in Renai and the neighboring townships.
Isolates of Shigella spp. other than S. flexneri serotype 2a also seemed to be recovered at a relatively high frequency in Renai and neighboring townships after the outbreak in 1996 (Table 2 ). In order to identify possible relationships between the outbreak strain and the non-S. flexneri serotype 2a isolates, PFGE was also performed with the non-S. flexneri serotype 2a isolates recovered in Renai and neighboring townships from 1997 to 2000. The results indicate that all of them had differences of more than 10 bands in their NotI-PFGE patterns compared with that of the outbreak pattern. They are not related to either type A or any of the 51 subtypes, and no major pattern can be found among them. A representative photograph showing the NotI-PFGE patterns of 8 non-S. flexneri serotype 2a isolates is shown in Fig. 2A . (Table 2 ). An S. flexneri serotype 2a outbreak strain with the type A pattern was the main strain observed during and after the outbreak. Seven and 45 closely related strains with subtypes A2 to A8 patterns and A3, A4, and A9 to A51 patterns, respectively, appeared during and after the outbreak. They were recovered far less frequently than the outbreak strain, indicating that transmission of these closely related strains occurred less frequently than transmission of the outbreak strain. Compared to the outbreak strain, 84% (42 out of 50) of the closely related strains had deletions of at least one of three specific NotI bands in their PFGE patterns, suggesting deletion hot spots in the genome of the outbreak strain.
Of the 180 S. flexneri serotype 2a isolates recovered from 1996 to 2000, 12 epidemiologically related groups were iden- tified (Table 1) . For four groups, isolates of the same group showed identical PFGE patterns, indicating transmission of the same strain among members of the group. For the other two groups (SH9154 and SH9155; SH17279 and SH17289), isolates of the same group showed a difference of five bands in their PFGE patterns. While SH17279 (subtype 45) and SH17289 (subtype 23) were recovered from two neighbors during the outbreak in 1999 (Table 1 ) and were probably not truly epidemiologically related, the relationship between SH9154 and SH9155 was somewhat complicated. SH9154 (subtype A24) and SH9155 (subtype A25) were recovered from two family members. One month earlier, three separate strains (type A and subtypes A21 and A11) had been recovered from the same two persons and another family member, respectively. Although the possibility of independent origins can not be excluded, the two isolates were likely to have evolved from complex genetic rearrangements among isolates of type A and subtypes A21 and A11 during the 1-month period in the family. Furthermore, for the remaining 6 groups, isolates of the same group showed differences of only one or two bands in their PFGE patterns, indicating a single genetic event among them (21) . It appears that for these six groups one isolate had evolved directly from the other isolate of the same group. Based on these epidemiological observations and the presence of deletion hot spots in the genome of the outbreak strain, we hypothesized that many, if not all, of the 50 closely related strains recovered during and after the 1996 outbreak were derived from the outbreak strain or other closely related strains by various genetic events, such as tandem duplication, deletion, translocation, and inversion (see below).
Several lines of evidence further support our hypothesis. First, during the two outbreaks in 1996 and 1999 isolates that had no apparent epidemiological relationships showed a single genetic event among them. For example, isolates of subtypes A3 to A8 were recovered during the outbreak in 1996. Subtypes A3, A5, A6, A7, and A8 differed from subtype A4 in two, two, one, two, and one band, respectively. Isolates of subtype A3, A5, A6, A7, and A8 can thus be explained by separate single events from isolates of subtype A4 (Table 1) . Similarly, isolates of type A and subtypes A4, A23, A30, A45, A46, and A47 were recovered during the outbreak in October 1999. Subtypes A4 and A47 differed from type A in one and two bands, respectively, subtype A46 differed from subtype A23 in one band, and subtype A45 differed from subtype A30 in one band. Isolates of subtype A4, A47, A46, and A45 can thus be explained by single events from isolates of type A and subtypes A23 and A30 (Table 1) . Second, the distribution of isolates of the subtypes roughly correlates with the distribution of the outbreak strain (Fig. 1) . Third, numbers of S. flexneri serotype 2a isolates recovered decreased yearly from 1997 to 2000. The decrease is related to yearly decrease in the actual numbers of the outbreak strain isolates and also to the relative numbers of the outbreak strain isolates to all S. flexneri serotype 2a isolates recovered in that year. As the outbreak strain transmitted much better than the closely related strains, one possible explanation for the correlation would be de novo generation of closely related strains in human colons from the outbreak strain. Inside human colons the newly generated, closely related strains might be preferentially selected over the outbreak strain, as adaptive immunity would initially be elicited by infection with the outbreak strain.
Rearrangements of large DNA pieces are usually caused by homologous recombination between long repeat sequences, such as rRNA operons, transposons, and IS (insertion sequence) elements. Depending upon whether the two repeat sequences are the same or are in reversed orientation, tandem duplication, deletion, translocation, and inversion of the intervening sequence could occur. Mobility of IS elements would increase the variety of rearrangements (10) . Shigella species carry multiple copies of insertion sequences, such as IS1, IS600, and IS629 in their genomes (14) . IS-mediated deletions and tandem amplifications of DNA of 10 to 100 kb have been reported for S. dysenteriae and Yersinia pestis (5, 15) . Futhermore, S. flexneri serotype 2a carry at least four pathogenicity islands (1, 13, 16, 19, 20, 22) . Pathogenicity islands are large (often more than 30 kb), unstable DNA fragments that carry many virulence-associated genes and mobility genes (including insertion sequences, integrases, transposases, and origin of plasmid replication) (6) . It has been demonstrated that pathogenicity islands are involved in spontaneous deletions of 51 and 99 kb of DNA in S. flexneri serotype 2a (1, 20) . Both insertion sequences and pathogenicity islands could account for the frequent generation of closely related strains and deletion hot spots observed in this study. We propose that some important factors present in the outbreak strain were lost or inactivated during the course of generating the closely related strains, leading to poor transmission of the strains. These factors might be associated with the prolonged survival of the bacteria in the environment, as recently reported for poly P kinase of Shigella and Salmonella spp. (11) , or for intracellular persistence of the bacteria in human enteric cells.
Shigella species, like Salmonella species, are facultative intracellular pathogens. Both bacteria not only cause gastrointestinal diseases but also survive in enteric epithelium cells.
Studies with Salmonella spp. in a mouse model indicated that gastroenteritis symptoms could be separated from intracellular accumulation and systemic spreading of the bacteria and that genes for gastroenteritis symptoms were mainly located on pathogenicity island SPI1 and that genes for intracellular accumulation and systemic spreading of the bacteria were located on pathogenicity island SPI2 (8) . Clements et al. (3) demonstrated that a single mutation in a global regulator gene, the polynucleotide phosphorylase gene, in Salmonella enterica could switch the acute gastroenteritis symptom into a systemic infection in the mouse model. It is likely that a similar regulation system might also exist in S. flexneri. Recovery from gastroenteritis symptoms caused by S. flexneri usually takes about a week, but survival of the bacteria in human enteric cells of up to 17 months has been reported (12) . These asymptomatic carriers are suspected as the source of transmission of shigellosis (7, 9) . Although we did not screen the asymptomatic contacts as was done in a previous study, the five S. flexneri serotype 2a isolates recovered from asymptomatic contacts in 1996, indeed, were the outbreak strain (2) . This and the fact that only the outbreak strain could be recovered twice from the same persons within a 2-week period (SH10492 and SH10592 and SH11119 and SH11201; Table 1) indicated that the outbreak strain had a better surviving capability than the closely related strains had, though they might have similar capabilities in eliciting the gastroenteritis symptom in patients.
In summary, our PFGE results show that a single S. flexneri serotype 2a strain responsible for the outbreak in 1996 continued to be the main strain causing shigellosis in the area from 1997 to 2000. Forty-five closely related but poorly transmissible strains emerged from the outbreak strain during the 4-year period. Compared to the outbreak strain, 87% (39 out of 45) of them had deletions of at least one of three specific NotI bands in their PFGE patterns. Characterization of these three NotI bands is in progress.
